Abstract. Main road alignment exerts an influence on handling stability of a runaway vehicle to a certain extent, as rational designs of the main road alignment play an important role in ensuring that a runaway vehicle enters a truck escape ramp safely. Firstly, forces acting on the runaway vehicle on the main road are analysed, and the minimum curve radius value and the corresponding approach angle that can prevent lateral rollover and lateral slip are discussed. Secondly, a simulation software, TruckSim, is used to establish a simulation model of the runaway vehicle and the road, wherein the minimum curve radius value and the corresponding approach angle that can prevent lateral rollover and slip are taken as input parameters of the road model. Finally, the established simulation model of the vehicle and road is used to simulate the influence that three types of main road alignment, i.e. a straight line, a right curve and a left curve, respectively have on the handling stability of the runaway vehicle entering a truck escape ramp.
Introduction
A truck escape ramp is usually arranged on one side of a long, steep downhill grade section of a road, and is used to guide a runaway vehicle or trailer with a brake failure from the main road into the truck escape ramp. In the United States, studies of truck escape ramps are mainly conducted in the 1980s, during which a series of research results were achieved to guide the design and application of truck escape ramps [1] [2] [3] [4] . Both the research and application of truck escape ramps in China lag far behind those at abroad; moreover, engineering norms or design guidelines have not been introduced yet. There are still some deficiencies in the design of current truck escape ramps, which have led to a variety of accidents of runaway vehicles on the truck escape ramps, such as a vehicle rushing out of a truck escape ramp, a rollover of a vehicle on an arrester bed, goods squeezing into a cab, backward sliding of a vehicle on an arrester bed, and a vehicle crashing into a guardrail or the other vehicles on a truck escape ramp [5] [6] .
Research triggered by these accidents is directed to the safety of truck escape ramps, and studies on truck escape ramps in China mainly focus on the design of the location, the cross-section width, the approach angle and approach roads, the deflection angle, the vertical curve radius at the entrance, etc. of truck escape ramps [7] [8] [9] [10] [11] [12] [13] . Few studies have investigated the influence of design parameters of the truck escape ramp on the safety performance of a runaway vehicle; however, the safety performance of a truck escape ramp should further include the handling stability of a runaway vehicle when entering the truck escape ramp. This research expects to find out the main vehicle dynamics indicators that reflect the handling stability of a vehicle, so as to provide the basis for the design of main road alignment.
Research method

Force analysis of runaway vehicle on main road
The vehicle running on a horizontal curve produces a centrifugal force, which is directed away from the centre of the circle, and the magnitude of which is directly proportional to the square of the travelling speed and inversely proportional to the radius of the horizontal curve. The calculation formula is as follows:
wherein F is the centrifugal force; R is the radius of a horizontal curve; v is the travelling speed of a runaway vehicle; and G is the gravity. The lateral force analysis of a runaway vehicle at a horizontal curve is shown in Fig. 1 , in which, F is the centrifugal force, G is the gravity of the runaway vehicle, and ih is the superelevation slope. The tread of the runaway vehicle is b, and the height of the centre of gravity thereof from the road surface is h.
Figure. 1 Lateral force analysis of runaway vehicle at horizontal curve
The centrifugal force F and the runaway vehicle gravity G are decomposed into a horizontal force parallel to the road surface and a vertical force perpendicular to the road surface, and thus the lateral stability balance formula is as follows:
As lateral inclination angle of the road surface is generally small, then
wherein φ is the lateral adhesion coefficient of the road surface.
When the vehicle speed is greater than a certain value, the runaway vehicle may slip outward and cause an accident. In order to prevent the runaway vehicle from sideslipping, the travelling speed must satisfy the following equation:
When runaway vehicles are driving on a horizontal curve with superelevation, there is also a risk of lateral rollover around the point of contact between the outer wheel and the road. In order to prevent runaway vehicle from overturning, the roll moment must be less than or equal to the stabilizing moment, i.e.
Substituting sin tan ,cos 1
Fi is much smaller than G and thus negligible, the following equation is obtained:
Therefore, in order to prevent the lateral rollover of a runaway vehicle on a horizontal curve, the travelling speed thereof must satisfy the following equation:
According to the steering characteristics of the runaway vehicle driving from the main road into the truck escape ramp, the trajectory can be approximately considered as a horizontal curve, as shown in Fig. 2 [5] . According to geometric principles, the relationship between the approach angle θ of the truck escape ramps, the length L of the transition section and the turning radius R are as follows:
B LR (9) wherein B is the width of the arrester bed.
Figure. 2 Travelling trajectory of runaway vehicle entering truck escape ramp
Determination of minimum curve radius and approach angle
The maximum speeds that a runaway vehicle can reach in the case of different long, steep downhill grade sections are not the same. For the sake of safety, it is assumed that the speeds of the runaway vehicle entering truck escape ramps are 90km/h, 108km/h, 120km/h and 125km/h respectively. It is assumed that the tread of the runaway vehicle is 1.815 m, and the height of the centre of gravity thereof from the road surface is 1.25 m. The width of the road surface is assumed as 3.75 m. The coefficient of road adhesion is related to the condition of a road surface, tyres and vehicle speeds, and considering the most unfavourable situation, the lateral adhesion coefficient of the road surface is assumed as 0.24. Since it is provided that the superelevation is no more than 10%, superelevation rates of 2%, 4%, 6% and 8% are selected herein, based on which the minimum curve radius that can prevent a lateral rollover and lateral slip of a runaway vehicle under different combinations are calculated, as shown in Tab. 1. According to equations (1)- (9), the minimum trajectory circle radius, i.e. R, of the runaway vehicle entering the truck escape ramp is calculated, so as to determine the maximum approach angle of the truck escape ramp corresponding to different situations (wherein the incoming speed is 120km/h) for calculation, and the results are shown in Tab. 2. 
Establishment of road simulation model
With reference to the relevant parameters in Tab.3. TruckSim is used to establish truck escape ramp models. Users can set and adjust the road parameters of the truck escape ramp, such as the length of a transition section, the approach road, horizontal alignment, deflection and grade, in TruckSim according to requirements. 
Experimental design
In this paper, the main road alignment is divided into three different types of alignment, i.e. a straight line, a right horizontal curve and a left horizontal curve, to simulate the process of a runaway vehicle entering a truck escape ramp. On the premise that the runaway vehicle meets the stability requirement of the minimum radius when entering the truck escape ramp from a main road, the approach angle is set as 5°, 10° and 15°, and the vehicle speed is 120 km/h. In order to study the stability of the vehicle during the incoming process, four vehicle dynamics responses, i.e. the lateral acceleration, the yaw rate, the tyre slip angle and the roll angle, are taken as the indicators for evaluation.
Analysis of simulation result
Main road alignment being straight line
In the case of the main road alignment being a straight line, the simulation results of the lateral acceleration, yaw rate, tyre slip angle and roll angle of the runaway vehicle entering the truck escape ramp are shown in Fig. 3 . From the simulation results in Fig. 3(a) , it can be seen that when the runaway vehicle enters the truck escape ramp from the straight main road, the lateral acceleration increases gradually as the runaway vehicle approaches the entrance of the truck escape ramp. Moreover, as the approach angle increases, the increase of lateral acceleration is more obvious. When the approach angle is 15°, the lateral acceleration of the runaway vehicle is of a large magnitude that is close to 0.5g, in which case the vehicle is in a dangerous situation and the vehicle is close to a rollover state. After the runaway vehicle enters the approach road of the truck escape ramp, the lateral acceleration of the vehicle gradually decreases. However, the vehicle in the whole incoming process is not stable, and a rollover may occur.
From the simulation results in Fig. 3(b) , it can be seen that the yaw rate of the vehicle increases with the increase of the approach angle of truck escape ramps, and the regularity is obvious. The yaw rate of the vehicle does not change much when the approach angle is 5°, whereas the yaw rate thereof reaches 9 deg/s when the approach angle is 15° and the vehicle enters the approach road.
From the simulation results in Fig. 3(c) , it can be seen that the tyre slip angle is constantly increasing in the process of the runaway vehicle entering the truck escape ramp. When the runaway vehicle enters the entrance of the truck escape ramp with an approach angle of 15°, the tyre slip angle is large. Although the tyre slip angle does not exceed the determination threshold, it becomes more difficult for the driver to handle the vehicle.
From the simulation results in Fig. 3(d) , it can be seen that the roll angle of the vehicle increases gradually as the runaway vehicle enters the truck escape ramp from the straight main road. Moreover, as the approach angle increases, the increase of the roll angle of the vehicle is more obvious. When the approach angle is 15°, the roll angle of the vehicle is close to 0.3 deg, in which case the vehicle is in a dangerous situation, since the vehicle body tilts to one side, and the driver is unable to control the posture of the vehicle body. After the runaway vehicle enters the approach road of the truck escape ramp, the roll angle of the vehicle gradually decreases. However, the vehicle in the whole incoming process is not stable, and a rollover may occur.
Main road alignment being right curve
In the case of the main road alignment being a right curve, the simulation results of the lateral acceleration, yaw rate, tyre slip angle and roll angle of the runaway vehicle entering the truck escape ramp are shown in Fig. 4 . From the simulation results in Fig. 4(a) , the lateral acceleration increases gradually as the runaway vehicle approaches the entrance of the truck escape ramp, and the lateral acceleration is already of a large magnitude when the runaway vehicle reaches the entrance, where the vehicle is in a dangerous situation, and although the instability state of the vehicle does not occur, it is already very difficult for the driver to control the vehicle at this time. After the runaway vehicle enters the approach road of the truck escape ramp, the lateral acceleration of the vehicle gradually decreases. However, the vehicle in the whole incoming process is not stable, and a rollover is very likely to occur.
From the simulation results of Fig. 4(b) , it can be seen that as the runaway vehicle enters the truck escape ramp, the yaw rate increases to a certain extent, then decreases gradually, and finally becomes stable.
From the simulation results in Fig. 4(c) , it can be seen that the tyre slip angle is constantly increasing in the process of the runaway vehicle entering the truck escape ramp. When the runaway vehicle reaches the entrance of the truck escape ramp, the value of the tyre slip angle is large, which indicates that the driver has some difficulties in handling the vehicle at this time; however, the tyre slip angle does not exceed the determination threshold of 5°, the state of instability of the vehicle does not occur.
From the simulation results in Fig. 4(d) , it can be seen that the roll angle of the vehicle increases gradually as the runaway vehicle enters the truck escape ramp from the straight main road. Moreover, as the approach angle increases, the increase of the roll angle of the vehicle is more obvious. When the approach angle is 15°, the roll angle of the vehicle is close to 0.4 deg, in which case the vehicle body obviously tilts to one side, the vehicle is in a dangerous situation, and the posture of the vehicle is out of control. After the runaway vehicle enters the approach road of the truck escape ramp, the roll angle of the vehicle gradually decreases. However, the vehicle in the whole incoming process is very unstable, and a rollover of the vehicle is most likely to occur in this case.
The analysis of the above simulation data shows that the runaway vehicle did not lose its stability when the runaway vehicle enters the truck escape ramp with the limit radius of the right curve at the speed of 120km/h. Although the tyre slip angle and vehicle roll angle are relatively large when the vehicle reaches the entrance of the truck escape ramp, the tyre slip angle and vehicle roll angle do not exceed the determination threshold, and experienced drivers can generally control the vehicle. To some extent, the simulation experiment data support the fact that the value of the limit radius of the right turn curve is rational in theory.
Main road alignment being left curve
When the main road alignment is a left curve and the truck escape ramp is arranged in a tangent direction of the main road, the runaway vehicle drives into the truck escape ramp along a straight line, in which case the lateral acceleration, yaw rate, tyre slip angle and roll angle are very small, so that the handling stability of runaway vehicle is equivalent to that of the vehicle travelling along a straight line. It is known from the engineering experience that it is the safest to arrange the truck escape ramp in the tangent direction of a left curve.
Conclusion
The influence of main road alignment on the handling stability of a runaway vehicle is well reflected by the four vehicle dynamics responses, i.e. the lateral acceleration, the yaw rate, the tyre slip angle and the roll angle. When the minimum curve radius that can prevent a lateral rollover and lateral slip of a runaway vehicle is used as an input parameter of the road simulation model, the runaway vehicle in the entering process is extremely unstable in the case of the main road alignment being a right curve and the approach angle being 15°. Therefore, the minimum curve radius that theoretically does not cause a lateral rollover and lateral slip is underestimated in the actual travelling process. The response indicators of vehicle dynamics can also be used as the basis to determine whether the design of main road alignment is rational and feasible. Only if the safety and stability of runaway vehicles are ensured during the process of entering a truck escape ramp from a main road, can the truck escape ramp achieve its design purpose.
